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Summary  25 
Recent climate change on the Antarctic Peninsula is well documented [1–5], with warming, alongside 26 
increases in precipitation, wind strength and melt season length [1,6,7], driving environmental 27 
change [8,9]. However, meteorological records mostly began in the 1950s and paleoenvironmental 28 
datasets that provide a longer-term context to recent climate change are limited in number and 29 
often from single sites [7] and/or discontinuous in time [10,11]. Here we use moss bank cores from 30 
a 600 km transect from Green Island (65.3°S) to Elephant Island (61.1oS) as palaeoclimate archives 31 
sensitive to regional temperature change, moderated by water availability and surface microclimate 32 
[12,13]. Mosses grow slowly but cold temperatures minimise decomposition, facilitating multi-proxy 33 
analysis of preserved peat [14]. Carbon isotope discrimination (Δ13C) in cellulose indicates the 34 
favourability of conditions for photosynthesis [15]. Testate amoebae are representative heterotrophs 35 
in peatlands [16–18] so their populations are an indicator of microbial productivity [14]. Moss growth 36 
and mass accumulation rates represent the balance between growth and decomposition [19]. 37 
Analysing these proxies in five cores at three sites over 150 years reveals increased biological activity 38 
over the past ca. 50 years, in response to climate change. We identified significant changepoints in 39 
all sites and proxies, suggesting fundamental and widespread changes in the terrestrial biosphere. 40 
The regional sensitivity of moss growth to past temperature rises suggests that terrestrial ecosystems 41 
will alter rapidly under future warming, leading to major changes in the biology and landscape of 42 
this iconic region; an Antarctic greening to parallel well-established observations in the Arctic [20].  43 
 44 
RESULTS 45 
Moss banks are regional palaeoclimate archives 46 
Moss banks are distributed sporadically along the western Antarctic Peninsula (AP) [21] from 47 
Alexander Island (69.4°S) [14] to Elephant Island (61.1°S) (Figure 1; Table S1) and north-east to Signy 48 
Island, South Orkney Islands (60.7°S) [15]. Mosses accumulate in small annual increments from new 49 
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growth at the surface and old moss growth is exceptionally well-preserved [22] by year-round cold 50 
temperatures and relatively rapid incorporation into permafrost, leading to deep accumulations of 51 
moss over thousands of years. AP moss banks are often dominated by a single species (Polytrichum 52 
strictum or Chorisodontium aciphyllum) and are easily dated by radiocarbon due to their highly 53 
organic nature [13]. Relatively stable down-core bulk density and peat humification profiles (Figure 54 
S4, see also [14]) show that compaction or decomposition effects are not significant. Mass 55 
accumulation (r2 = 0.82, p = 0.013) and growth rates (r2 = 0.75, p = 0.026) are significantly positively 56 
related to latitude but since latitudinal temperature variability over our study area is not significant 57 
(Figure 1; [23,24]), these trends are likely driven by differences in the dominant moss species (Table 58 
S1). Therefore, moss bank proxies provide unique insights into the scale and rapidity of biological 59 
shifts over decadal to centennial timescales in the past and under future warming.  60 
 61 
A widespread biological response  62 
We found significant changes in all proxies (carbon isotope discrimination, microbial productivity, 63 
moss bank vertical growth and mass accumulation) and at all sites, reflecting increased biological 64 
activity across the length of the AP over the past ca. 50 years (Figures 2 and 3). The precise timing of 65 
these shifts varied, but the prevalent pattern of change indicates a widespread biological response 66 
to increasing temperature. We identified significant changepoints (confidence value >0.98) in 20 of 67 
23 time series (Figure S1), suggesting that all four proxies have undergone fundamental state 68 
changes in recent years. An alternative method for changepoint detection produced similar results 69 
with a mean difference in ages between the two methods of 13 years (Figure S2). The three Δ13C time 70 
series in which changepoints were not identified (ELE3, ARD1, GRE1) still showed trends of increasing 71 
discrimination consistent with other sites/cores/proxies within the past ~50 years (Figure S2). In two 72 
cases (ARD1, GRE1), there were more recent Δ13C declines to lower discrimination that, combined 73 
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with the higher growth rates, suggests sub-optimal growth conditions over a longer annual growing 74 
period [15]. A trend to lower discrimination was also observed in one core (GRE2) where the post-75 
changepoint state was negative, suggesting poorer conditions for photosynthesis at this site. 76 
Summary changepoint data show that a majority of state changes occurred after 1950 (Figure 3). To 77 
investigate whether there was a significant difference before and after AD 1950 that was prevalent 78 
across the whole of the AP, we compared pre- and post-1950 states, averaged across all sites/cores 79 
(Figure 4). There was an observable difference for all proxies apart from Δ13C.  80 
 81 
DISCUSSION 82 
Palaeo-data are key to AP climate debates 83 
The value of palaeo-data in understanding Antarctic climate is highlighted by the limitations of 84 
instrumental and satellite records, which alone are not sufficient to determine whether recent trends 85 
are anthropogenically forced or remain within the range of natural climate variability [25,26]. Ice core 86 
records indicate that warming over the past century is highly unusual in the context of natural 87 
variability over the past 2000 years [27]. Observational records show that the physical [28–30] and 88 
ecological [9,10] effects of ‘recent rapid regional’ [3,31] warming since the 1950s on the AP have 89 
been significant. However, this evidence has often been obtained from a single site [7] at a single 90 
trophic level, or is discontinuous in time [10,11], meaning that a ‘baseline’ ecological state has not 91 
been established and used to evaluate recent change and the likely sensitivity of future ecosystem 92 
responses [32]. In addition, the spatial heterogeneity of ecological responses to climate change 93 
makes it difficult to extrapolate from local, short-term studies of individuals and populations to an 94 
ecosystem level response to wider climatic trends [33]. Given the large interannual and decadal 95 
variability in Antarctic climate, placing recent short-term observational records in a longer-term 96 
context is important to determine and differentiate the roles of natural variability and anthropogenic 97 
forcing [34]. Our multi-proxy dataset over 150 years from moss bank cores spanning a 600 km 98 
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latitudinal transect addresses these issues and enables a robust assessment of regional variability 99 
over time. 100 
 101 
Drivers of rapid change 102 
Our data indicate a widespread biological response to recent rapid warming on the AP. The extent 103 
of the site network and multi-proxy approach show that spatial and temporal variability, across 104 
multiple trophic levels, is small in relation to overall trends (Figure 2) such that we can have 105 
confidence in the overall widespread nature of the observed biological response to recent warming. 106 
However, the detailed patterns of change in individual proxies, particularly in Δ13C, allow further 107 
analysis of the response to microclimatic and microtopographic conditions specific to each moss 108 
bank location [12]. 109 
 110 
Abrupt shifts in microbial population change, growth and mass accumulation rates were found in all 111 
cores, with significant differences between pre- and post-changepoint states (Figure 2). This suggests 112 
that moss banks have responded not only to gradual warming [35] (Figure 1), but that rapid changes 113 
can also occur across thresholds, which may not be temperature driven (for example, moisture 114 
availability during the growing season). Water availability is a key control on the growth rates and 115 
activity of Antarctic terrestrial organisms [36], including mosses and soil protozoa [14]. Free water 116 
availability is likely to have increased over the AP since the 1950s in concert with trends in 117 
temperature, precipitation and growing season length [1,6], but is governed by spatially 118 
heterogeneous precipitation trends and site-specific (micro)topography to a greater extent than 119 
temperature. Moisture availability may also increase in the future as a result of poleward contraction 120 
of westerly winds and increased meridional circulation [4,37].  121 
 122 
[6] 
 
Δ13C data support the hypothesis that the moisture status during periods of net photosynthetic 123 
assimilation has been spatially and temporally variable, with differences in Δ13C both between and 124 
within sites. Measured Δ13C values indicate the optimality of conditions for photosynthesis, 125 
integrated over the growing period [13,15]. High Δ13C values are associated with minimal diffusion 126 
limitation for CO2 at the tissue surface and therefore drier conditions [38]. Wind conditions, 127 
evaporation and surface microtopography as well as temperature and precipitation all affect surface 128 
leaf level surface moisture. Long, damp seasons can result in high growth rates but low Δ13C values, 129 
whilst warm, dry periods can result in an instantaneously high Δ13C before desiccation ends 130 
assimilation and little biomass is preserved.  In general, Δ13C increased between the 1970s and 2000, 131 
in concert with rising temperatures and likely improving conditions for photosynthesis, prior to a 132 
recent decline. Reduced Δ13C since around 2000 coincides with the cessation of warming [4] and, 133 
potentially, reduced evaporation. The two Green Island cores, taken from within 100m, show 134 
contrasting patterns, with GRE1 following the general trend of a non-significant increase in Δ13C 135 
preceding a recent decline, whereas GRE2 shows a significant drop in Δ13C around 1965. As 136 
precipitation, temperature and wind are similar between the two core sites, a more local control is 137 
likely. For example, changes in microtopography at GRE2 may have resulted in surface water pooling 138 
where mosses were still able to photosynthesise and grow, but CO2 diffusion and therefore Δ
13C were 139 
reduced.  140 
 141 
The strong response of moss growth and microbial populations to increasing temperature, coupled 142 
with the Δ13C results, suggest that these systems are driven primarily by temperature, strongly 143 
modified by more localised changes in water availability at both regional and local scales. Increasing 144 
temperature has likely driven a longer growing season and a greater number of days in the year 145 
where air temperature at the moss surface exceeds 0°C for at least part of the day. The largest 146 
increases in recorded temperature have occurred during the winter, spring and autumn periods [34], 147 
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which suggests that changing temperature has had the greatest impact on biological productivity 148 
during the shoulder periods of the growing season. Thus, whilst longer periods of growth have 149 
resulted in overall higher growth rates and increased microbial productivity, the changes in Δ13C 150 
suggest that growing conditions at any point in time may actually have been worse, likely due to 151 
sub-optimal moisture availability. There is some suggestion (Figure 2) that very recent growth rates 152 
of moss and microbial populations may have been slower and this could be the result of lack of 153 
moisture or a reversal in the direction of temperature change in some parts of the year [4].  154 
 155 
Future terrestrial biological change 156 
There is no doubt that biological responses to temperature variation on the AP have been rapid and 157 
that large shifts in the ranges and growth rates of mosses and microbial communities can be 158 
expected if recent rates of temperature change increase, as predicted, even recognising the current 159 
reversal of warming in this region [1,4], and associated environmental changes such as glacier retreat 160 
[30] continue. Biological activity measured as moss growth or mass accumulation rates has increased 161 
4-5 fold between pre- and post-changepoint states (Figure 3; Table S3) suggesting that mosses are 162 
highly sensitive to change.  163 
 164 
The past sensitivity of moss growth and mass accumulation rates to temperature (see Experimental 165 
Procedures) rise was used to provide a first order estimate of likely responses to future warming. 166 
Regionally averaged sensitivity was estimated by calculating rates of change for moss growth and 167 
mass accumulation at all sites from 1950 – 2012 and combining these with decadal temperature 168 
trends for the AP derived from reanalysis data [34]. This suggested that moss growth rates have 169 
increased by 3.2 mm °C-1 (range 1.8 – 13.4 mm °C-1) and mass accumulation rates by 0.05 g DM cm-170 
2 °C-1 (range 0.03 – 0.2 g DM cm-2 °C-1) compared to baseline (i.e. pre-changepoint) mean rates of 171 
0.78 mm yr-1 and 0.009 g DM cm-2 yr-1 respectively (Table S4). Although these estimates are variable 172 
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between and within sites and constrained by chronological precision, they suggest that moss bank 173 
growth and accumulation will be highly sensitive to future temperature change.  174 
 175 
The sensitivity of this response is moderated by moisture availability, but our spatially-consistent 176 
records covering the last 150 years suggest that the effect of temperature is dominant. Projections 177 
of future temperature increases for the Antarctic Peninsula are subject to very large uncertainties [1], 178 
but our data on increased moss growth and increased microbial populations, combined with 179 
increased fungal diversity [39] and vascular plant distribution [11], all indicate that terrestrial plant 180 
communities and soils will undergo substantial alteration even with only modest further increases in 181 
temperature. These changes, combined with increased ice-free land areas from glacier retreat [30], 182 
will drive large scale alteration to the biological functioning, appearance and landscape of the AP 183 
over the rest of the 21st century and beyond. Whilst the biogeographical isolation and low vascular 184 
plant species diversity [40] of Antarctica mean we must think differently about the two polar regions, 185 
a greening of the fringes of the Antarctic may already be underway, similar to the well-documented 186 
and extensive greening of the Arctic [20].   187 
 188 
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 334 
Figure legends 335 
Figure 1: Regional map of the Antarctic Peninsula showing moss bank sites (black dots are new 336 
locations used in this analysis, grey dot is previously published [14]) and meteorological records 337 
(white dots) of recent mean annual temperature, with decadal trends [35]. Approximate position of 338 
-5°C and -9°C isotherms [23,24] illustrate lack of significant latitudinal temperature gradients over 339 
western AP study area. 340 
 341 
Figure 2: Time series of proxies for moss productivity (Δ13C) and soil microbial activity (testate 342 
amoeba productivity) alongside moss growth and mass accumulation rates for all sites/cores. Green 343 
lines represent the mean values of samples before and after each identified changepoint. All 344 
changepoints are significant at a confidence value >0.98. Years shown for changepoint occurrence 345 
represent the min – max range of the modelled date of the first sample in the new state. Red arrows 346 
[15] 
 
show direction of primary recent trend in time series where significant changepoints were not 347 
identified. See Figure S2 for results using CUSUM approach to changepoint detection. Note differing 348 
y-axis scales. For references to colour, readers are referred to the online version of the manuscript. 349 
 350 
 351 
Figure 3: Summary changepoint data for all proxies with the exception of Δ13C. Coloured lines 352 
represent different sites/cores/proxies; horizontal lines represent the mean values of all samples 353 
before and after the changepoint, vertical line shows timing of state change. Dashed vertical line 354 
indicates 1950. Spot data in background are individual times series from all sites/cores/proxies. For 355 
references to colour, readers are referred to the online version of the manuscript. 356 
 357 
Figure 4: Pre- (left hand) and post- (right hand) 1950 boxplots for all proxies, averaged across all 358 
sites/cores. See Figure S1 for complete boxplot matrix. 359 
 360 
STAR methods 361 
EXPERIMENTAL MODEL AND SUBJECT DETAILS 362 
N/A 363 
 364 
METHOD DETAILS 365 
Moss bank core collection and sampling 366 
Cores were collected in January 2012 (Elephant Island and Ardley Island) and January 2013 (Green 367 
Island). Sites were selected to access the deepest and oldest records available, whilst ensuring as 368 
complete spatial coverage of the AP as possible given the sporadic locations in which moss banks 369 
grow. Cores were carefully cut and removed by hand from non-permafrost near-surface sediments 370 
and stored at -20°C. Frozen core sections were sub-sampled at 5 mm resolution using a microtome 371 
[16] 
 
slicer [41]. All information on the Lazarev Bay site has been previously published [14] and data are 372 
included here to extend the spatial transect. 373 
 374 
Chronology 375 
Age-depth models were developed from conventional and post-bomb 14C and alpha-spectrometry 376 
210Pb. All 14C dates were measured on pure moss fragments. Raw 14C dates and 210Pb ages derived 377 
from a constant rate of supply model [42] were entered into the R package ‘clam’ [43] to develop 378 
smooth spline models using the minimum smoothing value (lower values resulting in more flexible 379 
models) at which age reversals did not occur in the majority of model iterations. All other settings 380 
were default. Moss growth rates were calculated automatically during the age-depth modelling 381 
process and therefore reflect the smoothing inherent in the age-depth model. Mass accumulation 382 
rates (g DM cm-2 yr-1) were calculated using the depth, modelled ages and bulk density values for 383 
consecutive samples; bulk density (g cm-3) was calculated by freeze drying samples of known volume. 384 
In one core (ARD3) it was not possible to derive a complete bulk density profile due to an air pocket 385 
within the core, resulting in a discontinuous record of mass accumulation rates. Details of all 14C and 386 
210Pb dates and age-depth models are given in Table S2.  387 
 388 
Carbon stable isotopes 389 
Cellulose was extracted from moss samples using a standard protocol [44]. For δ13C analysis, 1 mg 390 
samples of freeze-dried α-cellulose were transferred to tin capsules and measured at the NERC 391 
Isotope Geoscience Laboratory (British Geological Survey) by combustion in a furnace connected on-392 
line to a dual inlet isotope ratio mass spectrometer. Isotope ratios (13C/12C) were referenced to the 393 
VPDB scale using within-run standards. Raw δ13C values were converted to carbon isotopic 394 
discrimination (Δ13C) by reference to age depth models and records of atmospheric 13C in Antarctica 395 
[17] 
 
[45]. Moss bank Δ13C represents a proxy for photosynthetic assimilation rate [14,15], with high 396 
discrimination values reflecting optimal hydration and photosynthetic conditions [13,15]. 397 
 398 
Testate amoeba analysis 399 
Testate amoebae were used as a proxy for microbial productivity [14]. Samples were prepared 400 
according to standard methodologies [46], with the size fraction between 300 and 15 μm retained 401 
for microscopic analysis. Volumetric concentration values (tests cm-3) were calculated by the addition 402 
of an exotic spore marker, with concentration per unit surface area over time (tests cm-2 yr-1) 403 
calculated with reference to the depths, modelled ages and volumetric concentration values of 404 
consecutive samples. Minimum counts of 25 individuals were accepted for statistical analysis due to 405 
extremely low concentration in some samples. 406 
 407 
Climate data 408 
AP climate station temperature data (Figure 1) were downloaded from the SCAR (Scientific 409 
Committee on Antarctic Research) READER (REference Antarctic Data for Environmental Research) 410 
database (https://legacy.bas.ac.uk/met/READER/data.html). 411 
 412 
QUANTIFICATION AND STATISTICAL ANALYSIS 413 
Changepoint analysis was carried out on all profiles at each site with the exclusion of ARD3 414 
accumulation rate (see Chronology methods). We used the R package ‘changepoint’ [47] with the 415 
cpt.meanvar function to examine concurrent changes in the mean and variance of each time series. 416 
We used default settings, which included the ‘At Most One Change’ method to focus the analysis on 417 
the primary changepoint in each time series. Changepoint analysis was carried out on time series 418 
data only; ages assigned to changepoints were the min – max ranges of individual samples from the 419 
relevant age-depth model. Cumulative sum control chart (CUSUM) profiles for change detection 420 
[18] 
 
were calculated manually by plotting the cumulative sum of the differences between individual values 421 
and the time series mean against time (Figure S1). Slope directions indicate if data are trending away 422 
from or towards the mean value, with change in direction indicating sudden shifts in the mean state.  423 
For the sensitivity analysis, we used only growth and mass accumulation rate data as they 424 
demonstrate a more direct response to long-term temperature trends, whereas microbial 425 
productivity and Δ13C can be more influenced by site-specific microclimate and microtopography 426 
[12]. To assess the sensitivity of these growth parameters to temperature, we calculated decadal rates 427 
of change (i.e. change in proxy divided by change in time) from 1950 – 2012 and applied these to a 428 
DJF temperature trend from reanalysis data [34], using the temperature trend error to provide a 429 
range of possible sensitivity values. Temperature sensitivity estimates are considered to be 430 
conservative as 1) they include any recent downturn in proxy values and 2) the DJF trend will be lower 431 
than the genuine growing season trend to which moss bank proxies respond, which would include 432 
part of the SON and MAM periods, when trends are higher [34]. 433 
 434 
DATA AND SOFTWARE AVAILABILITY 435 
All software required to perform the analyses described in the ‘Quantification and statistical analysis’ 436 
section is freely available to download for the open source R programme. Raw proxy data is archived 437 
at the UK Natural Environment Research Council Polar Data Centre, available via the Discovery 438 
Metadata System (https://data.bas.ac.uk/).   439 
 440 
ADDITIONAL RESOURCES 441 
N/A 442 
 KEY RESOURCES TABLE 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
   
   
   
   
   
Bacterial and Virus Strains  
   
   
   
   
   
Biological Samples   
   
   
   
   
   
Chemicals, Peptides, and Recombinant Proteins 
   
   
   
   
   
Critical Commercial Assays 
   
   
   
   
   
Deposited Data 
Proxy indices for carbon isotopes, microbial productivity, 
mass accumulation and moss growth rates, with 
associated ages. 
This paper Searchable at 
https://data.bas.ac.u
k/ 
   
   
   
   
Experimental Models: Cell Lines 
   
   
   
   
   
Experimental Models: Organisms/Strains 
Key Resource Table
    
   
   
   
   
   
Oligonucleotides 
   
   
   
   
   
Recombinant DNA 
   
   
   
   
   
Software and Algorithms 
‘Changepoint’ R package Authored by Rebecca 
Killick, Lancaster 
University, UK 
https://cran.r-
project.org/web/pack
ages/changepoint/in
dex.html 
   
   
   
   
Other 
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Figure S1: Pre- (left hand) and post- (right hand) changepoint boxplots for all sites/cores/proxies that exhibited significant changepoints. Missing plots represent 
sites/cores/proxies where significant changepoints were not identified. ELE = Elephant Island, ARD = Ardley Island, GRE = Green Island, LAZ = Lazarev Bay [14]. 
Changepoint age for splitting each time series was the ‘best’ age estimate from the relevant age-depth model (related to Figure 4). 
  
Supplemental Information
Figure S2: CUSUM plots for all sites/cores/proxies (related to Figure 2). Highlighted red samples indicate a change direction of values with respect to the time series 
mean; the min – max modelled ages of these samples are shown. For comparison, green vertical shaded areas indicate the min – max ages of significant changepoints. 
ELE = Elephant Island, ARD = Ardley Island, GRE = Green Island, LAZ = Lazarev Bay [14]. 
Figure S3: Age-depth models for all cores. A: Elephant Island (ELE3); B, C: Ardley Island (B – ARD1, C – ARD3); D, E: Green Island (D – GRE1, E – GRE2). Black 
line is ‘best’ age estimate with error margins shown as grey shading. Blue age distributions are 14C; green are 210Pb (related to STAR methods Chronology section and 
Table S2). 
Figure S4: Bulk density and peat humification profiles for all sites and cores. Related to Results ‘Moss banks are regional 
palaeoclimate archives’ section. 
 
 
Table S1: Site meta-data for new sites and cores included in this study. Equivalent information for Lazarev Bay is published 
elsewhere [14]. Related to Results ‘Moss banks are regional palaeoclimate archives’ section. 
Site name 
Latitude 
(°S) 
Longitude 
(°W) 
Core 
code 
Total core depth 
(max. depth analysed 
in this study)  
Number of 
samples 
post-1850 
Dominant moss type 
Elephant Island 61.111 54.824 ELE3 25 cm (15 cm) 30 Chorisodontium aciphyllum 
Ardley Island 62.213 58.935 ARD1 23 cm (15.5 cm) 31 Chorisodontium aciphyllum 
Ardley Island 62.213 58.935 ARD3 19 cm (19 cm) 38 Chorisodontium aciphyllum 
Green Island 65.322 64.151 GRE1 97 cm (16 cm) 32 Polytrichum strictum 
Green Island 65.322 64.151 GRE2 66 cm (23 cm) 46 Polytrichum strictum 
Table S2: Chronological results including radiocarbon and alpha spectrometry lead dating results from all sites (ELE = Elephant Island, ARD = Ardley Island, GRE = 
Green Island). For lead dating, CRS (Constant Rate of Supply – see STAR methods) modelled ages, with error margins, are also included. No lead dating results are 
included for ARD3 as it was not possible to define the background, unsupported level of 210Pb for that core, precluding model development. *Radiocarbon date omitted 
from age modelling as reversal (see also Figure S3 C). Dating information relating to Lazarev Bay is published elsewhere [14]. Related to Figure S3 and STAR methods 
Chronology section. 
 
Site/core 
code 
Sample 
depth (cm) 
Radiocarbon 
identifier 
14C enrichment (absolute 
% modern carbon, ± 1σ) 
Conventional 
14C age (± 1σ) 
Pb-210 activity 
(Bq/kg) 
± error 
margin 
CRS modelled 
age (year AD) 
± error 
margin 
ELE3 1    34.63 1.30 2006 1 
ELE3 2    34.68 1.36 1999 2 
ELE3 3 SUERC-54332 111.56 ± 0.58  27.00 1.23 1991 3 
ELE3 4    27.12 1.11 1984 3 
ELE3 5 SUERC-49613 109.66 ± 0.48  23.71 1.11 1978 4 
ELE3 6    21.78 1.05 1972 4 
ELE3 7    19.04 0.86 1969 4 
ELE3 8 SUERC-54333 138.83 ± 0.72  21.28 1.22 1965 4 
ELE3 9    22.01 1.23 1959 5 
ELE3 10 SUERC-49614 142.59 ± 0.63  21.08 1.02 1952 6 
ELE3 11    21.92 1.30 1944 7 
ELE3 12    23.40 1.40 1930 9 
ELE3 13 SUERC-54334 103.10 ± 0.51  22.26 1.15 1906 14 
ELE3 15 SUERC-49616  43 ± 37     
ELE3 17 SUERC-54335  589 ± 39     
ELE3 20 SUERC-49617  628 ± 37     
ELE3 23 SUERC-54336  953 ± 39     
ELE3 25 SUERC-46889  1175 ± 37     
ARD1 1    56.21 3.18 2008 1 
ARD1 2 SUERC-54337 110.25 ± 0.55  47.95 3.13 2004 2 
ARD1 3    60.56 2.78 2001 2 
ARD1 4    60.25 3.45 1997 2 
ARD1 5 SUERC-49620 113.52 ± 0.53  56.24 2.95 1994 2 
ARD1 6    67.63 3.15 1990 2 
ARD1 7    76.35 3.26 1984 2 
ARD1 8    76.71 3.77 1977 2 
ARD1 9 SUERC-54338 139.23 ± 0.72  58.46 3.54 1968 3 
ARD1 10    44.21 2.39 1960 3 
ARD1 11    48.99 2.27 1952 4 
ARD1 12 SUERC-49621 102.37 ± 0.48  41.72 2.35 1939 5 
ARD1 13    30.12 2.28 1919 8 
ARD1 13.5 SUERC-54339 99.24 ± 0.51      
ARD1 14    22.46 2.02 1894 13 
ARD1 15 SUERC-49622  129 ± 37     
ARD1 17.5 SUERC-54342  272 ± 41     
ARD1 20 SUERC-49623  475 ± 37     
ARD1 23 SUERC-54344  490 ± 37     
ARD3 2.5 SUERC-54345 107.36 ± 0.55      
ARD3 5 SUERC-49624 111.88 ± 0.52      
ARD3 7.5 SUERC-54346 115.65 ± 0.60      
ARD3 10 SUERC-49625 128.24 ± 0.60      
ARD3 12.5 SUERC-54347 146.46 ± 0.76      
ARD3 16* SUERC-49626 106.21 ± 0.49      
ARD3 18 SUERC-54348  92 ± 41     
ARD3 20 SUERC-44336  139 ± 37     
GRE1 1    14.88 0.84 2010 1 
GRE1 2 SUERC-54349 104.30 ± 0.54  14.00 0.75 2008 2 
GRE1 3    19.53 1.03 2007 2 
GRE1 4 SUERC-54352 105.35 ± 0.54  20.58 1.02 2004 2 
GRE1 5    34.81 1.66 1999 2 
GRE1 6 SUERC-49627 109.62 ± 0.51  29.17 1.60 1992 2 
GRE1 7    23.69 1.11 1985 2 
GRE1 8    21.02 1.09 1977 3 
GRE1 9    22.81 1.12 1968 3 
GRE1 10 SUERC-54353 117.26 ± 0.61  20.08 0.99 1956 4 
GRE1 11    24.31 1.23 1929 7 
GRE1 12 SUERC-54354 106.82 ± 0.49  10.77 0.73 1898 10 
GRE1 15.5 SUERC-49631  175 ± 35     
GRE1 20 SUERC-49632  182 ± 35     
GRE1 25 SUERC-49633  471 ± 37     
GRE2 1    11.01 0.65 2012 1 
GRE2 2 SUERC-54359 104.50 ± 0.52  23.12 0.97 2011 1 
GRE2 3    21.74 0.89 2009 1 
GRE2 4 SUERC-54362 105.21 ± 0.54  22.99 1.00 2008 1 
GRE2 5    22.60 1.09 2006 1 
GRE2 6    14.19 0.78 2004 1 
GRE2 7    25.06 1.05 2003 1 
GRE2 8    26.06 1.00 2000 1 
GRE2 9 SUERC-49645 110.48 ± 0.51  27.28 1.07 1997 2 
GRE2 10 SUERC-49642 109.05 ± 0.51  33.11 1.84 1993 2 
GRE2 11    28.89 1.10 1987 2 
GRE2 12 SUERC-54363 109.55 ± 0.57  28.03 1.27 1981 2 
GRE2 13    23.99 1.05 1973 3 
GRE2 14    17.76 0.88 1965 3 
GRE2 15    21.92 1.52 1955 4 
GRE2 16    20.56 1.05 1939 5 
GRE2 17    19.76 0.98 1909 10 
GRE2 18    6.59 0.50 1873 26 
GRE2 19 SUERC-49646 107.14 ± 0.50  6.79 0.46 1844 61 
GRE2 20 SUERC-49644 125.18 ± 0.58      
GRE2 25 SUERC-49647  187 ± 37     
GRE2 29 SUERC-54364  374 ± 41     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S3: Summary proxy data for all sites/cores. For changepoint years, see also Figures 2 and 3. Related to Discussion 
‘Future terrestrial biological change’ section. 
 
  
ELE3 ARD1 ARD3 GRE1 GRE2 LAZ 
P
ea
k
 v
al
u
es
 
Δ13C (‰) 20.44 17.86 16.12 19.52 19.72 19.24 
Testate concentration 
(tests/cm2/yr) 
1013 1296 3190 1787 1507 6156 
Growth rate (mm/yr) 2.77 3.02 3.59 5.87 7.40 7.70 
Accumulation rate  
(g DM/cm2/yr) 
0.026 0.036 0.036 0.095 0.149 0.198 
M
ea
n
 a
ll
 v
al
u
es
 Δ13C (‰) 18.16 15.76 14.17 18.46 18.35 18.39 
Testate concentration 
(tests/cm2/yr) 
386 523 907 396 266 1220 
Growth rate (mm/yr) 1.41 1.63 2.18 2.21 3.00 3.08 
Accumulation rate  
(g DM/cm2/yr) 
0.014 0.016 0.022 0.033 0.039 0.040 
M
ea
n
 p
re
-
ch
an
g
ep
o
in
t 
Δ13C (‰) - - 13.88 - 18.89 18.26 
Testate concentration 
(tests/cm2/yr) 
196 129 211 33 135 399 
Growth rate (mm/yr) 0.28 0.94 0.82 0.52 0.89 1.26 
Accumulation rate  
(g DM/cm2/yr) 
0.002 0.011 - 0.010 0.012 0.014 
M
ea
n
 p
o
st
-
ch
an
g
ep
o
in
t 
Δ13C (‰) - - 14.83 - 17.78 18.89 
Testate concentration 
(tests/cm2/yr) 
485 643 1284 659 348 2042 
Growth rate (mm/yr) 1.64 2.72 3.17 3.22 4.12 4.05 
Accumulation rate  
(g DM/cm2/yr) 
0.015 0.033 - 0.061 0.070 0.060 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S4: Summary information on proxy trends and rates of change for moss growth and mass accumulation rates for all 
sites/cores. Rates of change were calculated between the two samples that fell nearest to 1950 and 2012 using the core 
chronologies. For ARD3, changepoint analysis was not possible due to a break in the record so the values here are the means 
of the samples before and after the break (see also Figure 2). Figures in parentheses for temperature sensitivity represent the 
± error in the AP decadal temperature trend [32]. Related to Discussion ‘Future terrestrial biological change’ section. 
 
Site/core 
code 
Rate of change 
1950 – 2012 (per 
°C) 
Temperature sensitivity  
(change per °C)  
Pre-changepoint 
mean value 
Post-changepoint 
mean value 
GROWTH RATE (mm yr-1) 
ELE3 0.085 0.5 (0.28 – 2.12) 0.282 1.639 
ARD1 0.264 1.55 (0.88 – 6.61) 0.937 2.718 
ARD3 0.409 2.41 (1.36 – 10.24) 0.82 3.168 
GRE1 0.765 4.5 (2.55 – 19.13) 0.521 3.221 
GRE2 1.057 6.22 (3.52 – 26.43) 0.887 4.117 
LAZ 0.638 3.75 (2.13 – 15.95) 1.257 4.049 
Mean 0.536 3.16 (1.79 – 13.41) 0.784 3.152 
ACCUMULATION RATE (g DM cm-2 yr-1) 
ELE3 -0.0004 -0.002 (-0.001 –  -0.01) 0.002 0.015 
ARD1 0.005 0.03 (0.02 – 0.12) 0.01 0.034 
ARD3 0.005 0.03 (0.02 – 0.12) 0.006 0.029 
GRE1 0.013 0.07 (0.04 – 0.32) 0.01 0.061 
GRE2 0.023 0.13 (0.08 – 0.57) 0.012 0.069 
LAZ 0.004 0.02 (0.01 – 0.1) 0.013 0.059 
Mean 0.008 0.05 (0.03 – 0.2) 0.009 0.045 
 
 
 
 
